Photons typically do not contribute to thermal transport within a solid due to their low energy density and tendency to be quickly absorbed. We propose a practical material system -infrared plasmonic resonators embedded in a semiconductor nanowire -that leverages near-field electromagnetic coupling to achieve photonic thermal transport comparable to the electronic and phononic contributions. We analytically show photonic thermal conductivities up to about 1 W m -1 K -1 for 10 nm diameter Si and InAs nanowires containing repeated resonators at 500 K. Despite the higher optical losses in Si, its thermal performance is similar to lower loss InAs. This system outperforms plasmonic particles in isotropic environments and presents a pathway for photonic thermal transport to exceed that of phonons and electrons.
1 K -1 for spherical, physically contacting copper particles 10 nm in diameter at 900 K 21 and about 0.05 W m -1 K -1 for prolate spheroidal, physically contacting SiC particles 50 nm in minor axis diameter at 700 K. 24 An experimental study of packed nanoparticles found significantly enhanced thermal conduction due to polaritonic coupling, but existing models could not fully explain these results. 10 A nanostructured material system has not yet been designed where we can predict significant radiation contributions to thermal transport.
In this letter, we propose and analyze a structure where the photonic contributions to the thermal conductivity are comparable to electronic and phononic conduction: doped semiconductor plasmonic resonators embedded in an intrinsic semiconductor nanowire. This structure is shown schematically in Figures 1(a) and 1(b). We consider a nanowire of diameter containing many resonators such that the photonic thermal transport is diffusive. The resonators have length and are separated by distance or center-to-center spacing = + . The plasmonic resonators confine thermal infrared light to deep subwavelength volumes, providing high photonic energy density, 27 and the anisotropic nanowire environment focuses and enhances the fields between resonators. 28 In our previous work, we showed that this nanowire structure leads to stronger coupling, longer propagation lengths, and higher group velocities compared to the same resonator chain in isotropic surroundings. 20 These structures may be grown very precisely 29, 30 with the highly scalable vapor-liquid-solid method, 31 which could facilitate low-cost production of macroscale composites containing many nanowires, as depicted in Figure 1 (c). Doped plasmonic resonators also offer the potential for tunability via optical pumping or electrostatic gating of the adjacent intrinsic regions, 32, 33 which could lead to actively-modulated thermal transport. Here, we provide details of the materials being analyzed and the methods used to calculate photonic thermal conductivity with a kinetic theory formalism. We then present results on the effects of nanowire geometry in order to optimize the photonic component, showing that small diameter nanowires with long resonators can achieve photonic thermal conductivities up to about 1 W m -1 K -1 at 500 K. We conclude with a discussion of possible future work and the potential of this type of composite material.
FIG. 1. Schematics of (a) a n-type doped plasmonic resonator embedded in an intrinsic semiconductor nanowire, (b) photonic thermal conduction by coupled plasmonic resonators, and (c) a hypothetical nanowire bundle which could transport heat by thermal radiation.
(a)
Kinetic theory is appropriate to describe radiative thermal transport when modes propagate at least between two adjacent particles. 26, [34] [35] [36] The dispersion for propagating plasmons along the chain must first be obtained, and the absorption spectra method we previously developed 20 provides this information from numerical electromagnetic scattering simulations or absorption spectroscopy measurements. We use this method because it is valid for plasmonic resonators in arbitrary nonhomogeneous environments such as nanowires, and it allows the dispersion of a long chain to be calculated from absorption characteristics of just two resonators. We use the discrete dipole approximation (DDA) with the DDSCAT software 37 using the FLTRCD method to obtain infrared absorption spectra for a single resonator and two resonators with varying , as shown in Figure 2 (a). The illumination is longitudinally polarized along the nanowire axis, because the nanowire geometry suppresses transverse modes and causes longitudinal modes to remain dipolar even at very small . 28 41 which are experimentally achievable. Si is an attractive material for its low cost and scalability, while InAs provides an interesting comparison because of its low loss and good carrier mobility, which has motivated studies of InAs for plasmonic devices. 42 After the absorption peak positions are determined for several separations, the data are fit to the so-called plasmon ruler equation
where 1 is the absorption peak angular frequency for a single resonator and 2 is the absorption peak angular frequency for two resonators with a spacing and length . 0 is a dimensionless proportionality constant, and is the decay length scaling factor, which is a measure of the attenuation distance of the resonator's electric field. This fitting process is depicted for one case in Figure 2 (b). With 0 and , 2 may be extrapolated for any desired separation distance. This, in turn, allows the calculation of the coupling strength between two resonators for any separation distance:
The dispersion may finally be determined for a resonator chain with neighboring resonators on either side of the central one with the equation
where is the angular frequency, is the full-width at half maximum of the single resonator absorption peak, . is the coupling strength between the center resonator and its th nearest neighbor, and is the wavevector varied from zero to the first Brillouin zone / . All calculations are performed for = 15 nearest neighbors, which is sufficient for the calculations to converge. The dispersion for one case is shown in Figure 2 (c).
The dispersion provides the inputs needed to calculate thermal conductivity, namely the group velocity = / and the propagation length Λ = (4 ) −1 . Kinetic theory gives the following equation for the thermal conductivity
where = 2 /4 is the cross-sectional area of the nanowire, is the Bose-Einstein distribution, and is the temperature.
All calculations are performed for = 500 K.
We first evaluate the effect of the nanowire environment by comparing the nanowire system shown in Figure 1 (b) to the same chain of plasmonic resonators immersed in an isotropic vacuum. These calculations are performed for both Si and InAs, and the results are shown in Figure 3 for = 100 nm and = 5 nm. These dimensions are used as a starting point because nanowires of this diameter have been grown previously 28, 29 and small separation distances exhibit good electromagnetic coupling. 20 For both materials, the spectral thermal conductivity in Figure 3 plays a significant role in determining the total thermal conductivity, as illustrated in Equation (4), but the spectral region where the surface plasmons propagate also influences the results through the ℏ and / factors. Higher frequencies carry more energy, but those states also have a lower thermal population of carriers as given by the Bose-Einstein distribution. We plot the combined ℏ / in Figure S1 , which shows that from a thermal transport perspective it is always preferable to have lower frequency modes if this does not adversely affect the coupling strength. 
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To optimize photonic thermal transport in these nanowire systems, we investigate the impact of nanowire and resonator geometry by varying and . Figure 4 (a) shows the total photonic thermal conductivity for InAs and Si versus nanowire diameter for = 5 nm, either fixing = 100 nm or = −1 = 1. We examine diameters down to 10 nm, because = 10 nm has been experimentally demonstrated 47 and smaller requires more computational resources because of the finer discretization needed with the DDA simulations. We keep at 5 nm because this is an attainable separation distance for the resonators, 29, 30 and because smaller will lead to stronger coupling 20 and therefore higher photonic thermal conductivity (for example, see Figure S2 ). When is constant, we observe a 3.8 times increase in for InAs and no increase for Si as decreases from 100 to 10 nm. These results are due to competing effects; is proportional to −2 , which drives up with decreasing , but the constant also means that decreases with smaller . Decreasing hampers coupling between resonators, because the coupling strength decreases with the exponential of − / as shown by Equations (1) and (2). This has a stronger effect for Si, because the higher resonance frequency means a larger change in coupling strength is needed for the same change in / shown by Equation (1). Doping InAs to the level of that for Si would increase its resonance frequency and When is constant, we observe significant increases in with decreasing for both InAs and Si, resulting in the largest calculated = 1.15 W m -1 K -1 for Si at = 10 nm. The increase in results from its proportionality to −2 , the shift in resonance to lower energy with larger ( Figures S5 and S6) , and an increasing 0 with larger ( Figure S4 ). The trends for InAs and Si are similar because decreasing diameter with constant causes nearly identical relative shifts in , 0 , and 1 ( Figures S3 through S6 ). The especially high value for 10 nm diameter Si demonstrates that this common semiconductor can outperform a lower-loss material like InAs. The photonic thermal conductivity becomes comparable to that expected for the electronic and phononic contributions in small nanowires. For comparison, we plot in Figure 4 (b) and (c) the estimated phonon and electron thermal conductivity of a single-crystal n-type silicon nanowire with phosphorus concentration of 3×10 20 cm -3 . We calculate bulk phonon and electron conductivities with the Boltzmann transport equation in the relaxation-time approximation [48] [49] [50] using input data from Ohishi et al., 51 which provides good agreement with experimental data for high dopant concentrations. Effective carrier mean free paths were calculated following the method of Dames and Chen, 52 which are used to calculate thermal conductivity of the wire with a Boltzmann transport equation approach 53 assuming diffuse boundary scattering. 1 The photonic and phononic/electronic thermal conductivities have opposite trends with diameter, which suggests that small diameter nanowires may be an ideal platform to experimentally resolve photonic contributions to thermal transport. The decreasing phononic and electronic contributions are due to a decreasing effective mean free path as the diameter is reduced. At diameters less than 10 nm, the photonic part may even exceed the phononic and electronic parts. The photonic and phononic contributions also have opposite trends with temperature, which suggests that elevated temperature or temperature-dependent tests may permit the measurement of photonic thermal conduction. The phonon contribution decreases due to the increased phonon scattering rate, while the photon part increases according to the thermal population of states as illustrated in Figure S1 . The alternating doped/intrinsic regions of our nanowires may also introduce additional scattering events for phonons, or the structure could be engineered with defects or geometric features 54 to further decrease the phonon thermal conductivity.
Our results demonstrate a pathway towards significant photonic thermal transport in nanoengineered structures, but additional work is needed to identify ideal materials, geometries, and operating conditions for this transport mechanism. Future analytical work should focus on further optimization of coupling between resonators, including investigating the impact of dopant concentration 55 and nonuniform/noncircular nanowire cross-sections, to increase the photonic thermal transport beyond that predicted in this work. The effects of plasmon confinement should also be considered in small diameter structures. Future experimental efforts such as thermal conductivity measurements of single nanowires 56 could confirm our predictions. The possibility of dynamically tuning the thermal transport with gating or illumination 32, 33 is another interesting research direction.
Efforts focused on large-scale production, alignment, and characterization of the nanowire structures shown in Figure 1(c) could eventually lead to technologically useful macroscale composites.
In summary, we have proposed and theoretically analyzed an experimentally practical nanoscale material structure capable of achieving substantial photonic thermal conduction. Repeated plasmonic resonators in a nanowire lead to electromagnetic coupling and energy transport along the chain. Using DDA simulations and our previously reported absorption spectra method to obtain the surface plasmon dispersion relations, we find photonic thermal conductivities can reach about 1 W m -1 K -1 for 10 nm diameter nanowires at 500 K, which is a higher thermal conductivity at a lower temperature than previous predictions for particle chains. Because the phononic and electronic contributions to thermal transport decrease with decreasing nanowire diameter and increasing temperature, the photonic effects are non-negligible in this regime and present an opportunity to experimentally observe photonic conduction by surface plasmons. We expect this work to lead to new types of nanoscale materials leveraging photonic effects for thermal transport. 
